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Introduction {#sec1}
============

The ability to construct organic compounds with control over their molecular shape has been critical to progress in multiple contemporary research areas. The importance of stereochemistry to such fields as drug discovery and materials science has motivated the development of strategies for stereocontrol over almost every major class of chemical transformation. Photochemical reactions, however, represent a conspicuous exception to this general trend.

Early speculations concerning the possibility of enantioselective photoreactions can be found in publications by Le Bel and van't Hoff in the late 19th century;^[@ref1],[@ref2]^ the first experimental studies probing these theories appeared several decades later.^[@ref3]^ By the beginning of the 21st century, efforts toward the development of stereoselective photochemical reactions^[@ref4],[@ref5]^ had culminated in several successful methods, including chiral auxiliary approaches,^[@ref6],[@ref7]^ the use of chiral supramolecular assemblies,^[@ref8]−[@ref10]^ and photoreactions in chiral crystalline matrices.^[@ref11],[@ref12]^ Although high levels of stereocontrol have been achieved using each of these tactics, the generality of the resulting reactions and their corresponding impact on the broader field of organic synthesis have unfortunately been relatively modest.

The use of substoichiometric chiral catalysts in enantioselective photochemistry has proven to be an even more elusive goal. The first highly enantioselective photoreactions were not developed until the early 2000s,^[@ref13]^ and only a handful of successful of alternative strategies have emerged since then.^[@ref14]−[@ref16]^ The slow rate of progress in this field is particularly surprising considering the rapid rate at which asymmetric catalytic methods were developed for so many other, nonphotochemical reaction types in the last decades of the 20th century.

Our laboratory became interested in this challenge for several reasons. First, photochemical reactions provide a distinctive synthetic capability that can produce regiochemical and stereochemical outcomes that differ from their nonphotochemical, thermal counterparts. Structural motifs such as cyclobutanes and oxetanes that are especially well-suited to photochemical synthesis remain challenging to prepare in stereochemically pure form,^[@ref17]^ and the biological and materials properties of compounds in this region of chemical diversity space remain relatively unexplored.

There is also an interesting fundamental question underlying the slow rate of progress in this field: Why have asymmetric catalytic photoreactions proven to be more challenging to develop than other classes of enantioselective catalytic reactions? Is there some intrinsic characteristic of photochemical activation that has made the discovery of highly enantioselective catalytic photoreactions particularly difficult?

This Account offers one analysis of this question that has informed much of my laboratory's research in photocatalysis. We believe that our investigations have resulted in a strategy that addresses several central issues that have hindered progress in asymmetric photochemistry, and we hope it will provide a general conceptual framework to address the long-standing challenge of stereocontrolled photochemical synthesis.

Why Are Enantioselective Photoreactions Difficult? {#sec2}
==================================================

The evolution of asymmetric photochemistry as a field has been the subject of several excellent reviews.^[@ref4],[@ref5]^ Many researchers in this area have offered their own thoughts on why catalytic enantioselective photochemical reactions are relatively difficult to develop. Among the most common explanations one finds in this literature are various formulations of the "reactivity--selectivity principle". These arguments begin with the observation that the absorption of a photon results in the formation of highly energetic reactive intermediates: for instance, the reactive triplet-state enones involved in classical \[2 + 2\] photocycloadditions are ∼60--70 kcal/mol higher in energy than their ground-state configurations.^[@ref18]^ One might reasonably imagine that such high-energy intermediates would be short-lived, difficult to intercept with chiral catalysts, and have a propensity to react indiscriminately to provide low selectivity among multiple possible stereo- and regioisomers.

As intuitively satisfying as the reactivity--selectivity principle is, however, there is little theoretical justification for it except in specific, specialized contexts.^[@ref19]^ To the extent that the reactivity--selectivity principle has predictive value at all, it cannot be used to make any broad generalizations about a class of chemical processes as diverse as photochemical reactions.

Moreover, the effects at play in enantioselective reactions can be quite subtle in magnitude. A difference in activation energy of only 1.8 kcal/mol is sufficient to produce highly enantioenriched products (\>90% ee) for an idealized enantioselective reaction at room temperature. This energetic difference is smaller even than the barrier for rotation about the carbon--carbon bond of ethane. Thus, the high intrinsic reactivity of any particular organic intermediate is unlikely to be an insurmountable obstacle for effective asymmetric catalysis. For example, organoradical chemistry also involves highly energetic intermediates that can react at extremely fast rates and have short lifetimes, and yet there have been enough examples of highly enantioselective radical additions reported in the literature to date that these methods, while still not commonplace, are no longer as astonishing as they once seemed.^[@ref20]^ Thus, the high reactivity of photogenerated reactive intermediates seems insufficient to rationalize the slow pace of development in asymmetric photochemistry.

We posit that a more central issue has been the *challenge of managing racemic background photoreactions*. As a specific example to frame this discussion, consider the experiment shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A, which is the first, seminal example of a highly enantioselective stoichiometric \[2 + 2\] photocycloaddition in solution reported by Bach in 2000.^[@ref8]^ This reaction exploits the propensity of quinolinone **1** to associate with chiral controller **2** into a hydrogen-bonded complex (**4**); irradiation of this well-organized assembly with UV light affords the \[2 + 2\] cycloadduct **3** in 93% ee. However, 2.6 equiv of **2** are required for optimal enantioselectivity; the reaction is markedly less selective at lower concentrations of the chiral controller. The requirement for high loadings of **2** results from the fact that binding of the controller does not significantly impact the photophysical properties of the quinolinone, and photoreaction of free and bound substrate occurs at similar rates ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). At lower concentrations of **2**, therefore, product formation via the uncatalyzed background reaction becomes competitive, resulting in dramatically lower ee's of **3** despite the high intrinsic stereocontrol afforded by the controller. The only way to achieve high enantioselectivity at low catalyst loadings, therefore, would be to develop a strategy for *selective activation of catalyst-bound substrate* under conditions where the free substrate is unreactive.

![(A) First example of a highly enantioselective solution-phase photocycloaddition reaction using a noncovalent controller reported by Bach. (B) Enantioselectivity of a catalytic photocycloaddition is compromised by the participation of any uncatalyzed racemic background processes.](ar-2016-00280n_0002){#fig1}

![(A) Initial report of a visible light induced \[2 + 2\] cycloaddition reaction using a Ru(bpy)~3~^2+^ photocatalyst. (B) Examples of substrate scope in the \[2 + 2\] cycloaddition. (C) Proposed mechanism for the photocatalytic \[2 + 2\] cycloaddition of **5**. (D) Gram-scale photocycloaddition conducted using ambient sunlight as the irradiation source.](ar-2016-00280n_0003){#fig2}

Recognizing this challenge, Bach subsequently reported a strategy to limit the racemic background reaction by using a monochromatic UV source specifically tuned to excite a sensitizing moiety in a similar chiral controller without exciting the free substrate.^[@ref21]^ This elegant solution has enabled enantioselectivities up to 92% using 10 mol % of a chiral xanthone-containing host. Nevertheless, the generality of this strategy is limited by partial overlap between the UV spectra of the sensitizer and substrate; in Bach's report, there is an attenuated but still noticeable dependence of product ee on sensitizer loading.

My laboratory's interest in visible light photochemistry has been heavily influenced by this analysis. Most simple organic substrates are colorless and transparent to visible light. On the other hand, there are many transition metal chromophores that absorb intensely in the visible region of the electromagnetic spectrum and have interesting photochemistry in this regime. Our goal has been to use these complexes to develop photochemical reactions in which no background photoreaction is possible because the photocatalyst is activated by wavelengths of visible light where the free substrate is photochemically inactive.

Lewis Acid Catalysis of Photoredox Reactions {#sec3}
============================================

Our initial investigations in visible light photochemistry focused on the \[2 + 2\] photocycloaddition reaction depicted in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}.^[@ref22]^ Based on our collected observations of this reaction over many years, we have proposed the mechanism depicted in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C. Photoexcitation of Ru(bpy)~3~^2+^ with visible light affords a redox-active excited state (Ru\*(bpy)~3~^2+^) that is reduced by tertiary amines to produce a Ru(I) complex. The redox potential of this complex (−1.3 V vs SCE) is insufficient to reduce aryl enone **5** directly (−1.4 V). Successful electron transfer to **5** requires coordination of the enone to a Li^+^ additive that facilitates electron transfer and stabilizes the resulting radical anion (**5**^•--^). Subsequent stepwise \[2 + 2\] cycloaddition can occur in both intra- and intermolecular^[@ref23],[@ref24]^ fashions to afford a wide range of structurally varied cyclobutanes (e.g., **6**--**9**). Importantly, because the photophysical properties of the Ru(bpy)~3~^2+^ chromophore are well-suited for solar energy applications, we also find that this reaction can be conducted using essentially any easily accessible source of visible light, including ambient sunlight ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D).

This reaction is an example of dual photoredox/Lewis acid catalysis.^[@ref25]^ The role of the Ru photocatalyst is to absorb visible light and convert its energy into usable electrochemical potential. In the absence of the photocatalyst, there is no reaction because no other component of this reaction mixture absorbs visible light, and thus no uncatalyzed direct photochemistry can occur. The Lewis acid cocatalyst, in contrast, does not impact the photophysical properties of the photocatalyst; rather, it facilitates an otherwise unfavorable electron transfer event.^[@ref26]^ Again, in the absence of Li^+^ or some other Lewis acidic cation, no background reaction occurs.

Many of the photoredox reactions subsequently developed in our laboratory similarly utilize Lewis or Brønsted acids as cocatalysts for analogous photoinduced electron transfer events, and the identity of the cocatalyst has proven to be an important variable for optimization. For example, in the photocatalytic \[3 + 2\] cycloaddition shown in [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, we observed that stronger trivalent Lewis acids such as La(OTf)~3~ were required to compensate for the more negative intrinsic reduction potential of the aryl cyclopentyl ketone.^[@ref27]^ Similarly, in the photocatalytic radical anion hetero-Diels--Alder cycloaddition shown in [eq 2](#eq1){ref-type="disp-formula"}, we found that Mg(ClO~4~)~2~ was the optimal Lewis acid cocatalyst that balanced the rate of productive cycloaddition against the rate of an undesired competitive overreduction and α-cleavage process.^[@ref28]^ Finally, we also found that replacing a Lewis acid cocatalyst with a Brønsted acid can change the course of a reaction entirely ([eq 3](#eq1){ref-type="disp-formula"}). The photocatalytic reaction of **5** using formic acid in place of LiBF~4~ results in a reductive cyclization instead of \[2 + 2\] cycloaddition.^[@ref29]^

Other investigators have similarly observed that the identity of a Lewis^[@ref30]^ or Brønsted acid^[@ref31]^ cocatalyst can have a substantial impact on the success and product distribution of photoredox reactions. This underscores an important characteristic of photoredox catalysts that distinguishes them from other more common modes of catalytic activation. Although many structurally varied photoredox catalysts are known, with correspondingly diverse electrochemical and photophysical properties,^[@ref32]^ photoredox catalysts all fundamentally operate by using the energy of an absorbed photon to create redox potential. Subsequent bimolecular, outer-sphere electron transfer events with organic substrates result in the formation of odd-electron reactive intermediates, which need not react in the environment of the photocatalytic species. Non-photoactive cocatalysts, then, can have a dramatic impact not only by catalyzing electron transfer but also by interacting directly with these odd-electron organic intermediates and modulating their reactivity.

This analysis has guided our thinking about how best to develop a general strategy for asymmetric catalytic photoredox transformations. While enantiopure, chiral Ru(II) polypyridyl photocatalysts have been studied for their ability to participate in enantioselective electron transfer processes,^[@ref33]^ we suspected that subsequent bond-forming reactions would have little propensity to occur within the proximity of the chiral photocatalyst. We also suspected that these reactions, like many other radical reactions, might be dominated by chain processes,^[@ref34]^ in which case a chiral photocatalyst would be involved only in the initiating turnover and not in the chain propagating steps. It seemed to us more logical to study systems using racemic photocatalysts in combination with chiral Lewis acid cocatalysts. We imagined that the heteroatom-containing radical anion intermediates involved in these transformations could bind relatively tightly to an appropriate Lewis acidic scaffold and thus be strongly influenced by the spatial disposition of stereogenic substituents. Control experiments also showed no product formation in the absence of a Lewis acid, suggesting that racemic background processes would not be competitive. Finally, we were attracted to the use of chiral Lewis acids because of the large number of privileged chiral structures available^[@ref35]^ and because of the sophisticated understanding that synthetic chemists have developed of the features common to successful enantioselective Lewis acid catalysts.

Chiral Lewis Acid Cocatalysis {#sec4}
=============================

Our search for an effective chiral Lewis acid for the photocatalytic \[2 + 2\] cycloaddition reaction began with a screen of simple achiral salts to identify a promising metal center with good catalytic activity at substoichiometric loading. Many main group and transition metal complexes were effective Lewis acids for this process and resulted in the formation of varying amounts of \[2 + 2\] cycloadduct. The most effective Lewis acids in this screen, however, proved to be lanthanide triflates (e.g., Gd(OTf)~3~, Eu(OTf)~3~). We do not yet have evidence supporting any hypotheses for this empirical observation, but it could be consistent with the high kinetic lability of lanthanide Lewis acids,^[@ref36]^ a feature that would facilitate catalyst turnover in this reaction. We consequently focused our subsequent efforts on examining chiral lanthanide-based Lewis acids.

Several families of chiral lanthanide Lewis acids were screened for their ability to control the stereoselectivity of the model cycloaddition shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. Many chiral lanthanide Lewis acids are known and have previously been shown to impart high enantioselectivities in nonphotochemical cycloaddition reactions;^[@ref37]^ however, among the selection that we screened, none of these provided selectivities greater than ∼25% ee. While the low ee's were disappointing, these experiments nevertheless validated our hypothesis that the Lewis acid would be involved in the stereochemistry-determining bond-forming steps.

###### Screen of Chiral Lewis Acids for Enantioselective \[2 + 2\] Photocycloaddition

![](ar-2016-00280n_0009){#fx4}

  entry                                                                Lewis acid   ligand   yield[a](#t1fn1){ref-type="table-fn"} (%)   ee (%)
  -------------------------------------------------------------------- ------------ -------- ------------------------------------------- --------
  1                                                                    Gd(OTf)~3~            32                                           
  2                                                                    Gd(OTf)~3~   **18**   0                                            
  3                                                                    Gd(OTf)~3~   **19**   27                                          0
  4                                                                    Gd(OTf)~3~   **20**   32                                          --6
  5                                                                    Gd(OTf)~3~   **21**   56                                          21
  6                                                                    Gd(OTf)~3~   **22**   43                                          56
  7                                                                    Eu(OTf)~3~   **22**   41                                          78
  8[b](#t1fn2){ref-type="table-fn"}                                    Eu(OTf)~3~   **22**   74                                          85
  9[b](#t1fn2){ref-type="table-fn"},[c](#t1fn3){ref-type="table-fn"}   Eu(OTf)~3~   **22**   71                                          92

Yield determined by ^1^H NMR using an internal standard.

Using 5 equiv of **16**, 5 mol % Ru(bpy)~3~Cl~2~, 10 mol % Eu(OTf)~3~, and 20 mol % ligand **22**.

Reaction conducted at −20 °C.

We next examined complexes bearing several other classes of chiral ligands that had not previously been combined with lanthanide catalysts, again observing only modest enantioselectivities. We were intrigued, however, by the observation that good ee's were obtained using Gd complexes in conjunction with **21**, part of a class of a dipeptide Schiff base ligand originally reported by Inoue^[@ref38]^ and extensively studied by Snapper and Hoveyda^[@ref39],[@ref40]^ because of the ease with which modified ligands could be synthesized and screened to optimize for high ee. Upon performing such a combinatorial screen, we ultimately discovered that the optimal Lewis acid for the \[2 + 2\] photocycloaddition was a Eu(OTf)~3~ complex of proline--valine Schiff base ligand **22**. Using this combination, we could obtain a diverse assortment of unsymmetrically substituted cyclobutane cycloadducts in good yields and excellent enantioselectivity ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A, **17**--**27**).^[@ref41]^

![Scope and diastereocontrol in the enantioselective \[2 + 2\] photocycloaddition (A) using *trans*-selective imine ligand **22** or (B) using *cis*-selective amine ligand **28**.](ar-2016-00280n_0004){#fig3}

Notably, although the concentration of the Lewis acid cocatalyst affected the overall rate of the photocycloaddition, there was no significant impact on enantioselectivity ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). This is an important observation suggesting that there is indeed no racemic background reaction, neither via direct photoexcitation of the enone nor a Lewis-acid-independent pathway. The insensitivity of ee to Lewis acid concentration indicates that the chiral product is formed exclusively through a Lewis acid mediated pathway.

![Enantiomeric excess of cycloadduct **17** is independent of chiral Lewis acid catalyst concentration.](ar-2016-00280n_0005){#fig4}

A second unexpected observation was that even though the identity of the dipeptide ligand had a large effect on the ee of the reaction, the overall reaction rate proved relatively insensitive to its structure. The process of optimizing the catalyst structure for good ee involved the screening of a library of roughly 70 modified dipeptide ligands, and while there was a marked effect on enantioselectivity, most of these complexes gave similar reaction rates.

This observation highlights an important strategic departure from the majority of prior approaches to enantioselective catalysis of photochemical reactions. In general, previous attempts to control the stereochemistry of photocatalytic reactions relied upon a single chiral photocatalyst to simultaneously mediate the photochemical processes as well as control stereochemistry in the product-forming steps. The optimization of a single structure capable of fulfilling these two distinct roles is relatively challenging, because the small structural perturbations usually required to achieve an effective stereocontrolling environment could simultaneously have a large deleterious impact on the photophysical properties important for efficient photocatalysis (e.g., absorption, excited state lifetime, intersystem crossing efficiency, etc.). By separating the photochemical and stereocontrolling functions into two discrete cocatalysts, the structure of the chiral Lewis acid could be independently tuned for optimal enantioselectivity without perturbing the photoelectrochemistry of the photoredox catalyst.

One practical outcome of this flexibility has been the discovery that both relative and absolute stereochemistry of the \[2 + 2\] cycloaddition can be controlled through modifications of the structure of the chiral Lewis acid ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B). Amine ligand **28** is readily available by reduction of the parent imine ligand. The Eu(III) complex of this reduced ligand still provides crossed \[2 + 2\] cycloadducts with excellent ee; however, the 1,2-*cis* diastereoisomer is favored instead of the *trans* isomer formed using imine ligand **22**.

Thus, the broad range of chiral environments that can be brought to bear by straightforward modifications of the chiral Lewis acid can be used to alter the stereochemical course of a particular photoreaction. The mutual compatibility of the cocatalysts is crucial; in attempts to apply a similar dual-catalyst strategy to organic photosensitizers, we have observed that the presence of strong oxophilic Lewis acids can interfere with the photochemistry of common ketone sensitizers such as benzophenones. The lack of available Lewis basic sites on the octahedrally saturated, chemically stable Ru(bpy)~3~^2+^ chromophore, however, endows it with an insensitivity to the presence of strong Lewis acids that has proven to be powerfully enabling in our studies.

Generality of the Tandem Photoredox and Chiral Lewis Acid Catalysis System {#sec5}
==========================================================================

We hypothesize that the tunability of the stereocontrolling catalyst independent of the photoredox catalyst will be beneficial in a range of mechanistically distinct reactions. Consider for example, our proposed mechanism for the photocatalytic \[3 + 2\] cycloaddition of aryl cyclopropyl ketones ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). This reaction shares several features with the \[2 + 2\] cycloaddition: (1) it is an overall redox-neutral process initiated by electron transfer; (2) a Lewis acid cocatalyst accelerates the photoreduction step; (3) no background reaction occurs in the absence of the Lewis acid. This reaction presented an ideal opportunity to test the generality of dual catalysis for enantiocontrolled photoreactions.

![Mechanistic Proposal for Photocatalytic \[3 + 2\] Cycloaddition](ar-2016-00280n_0008){#sch1}

There were, however, several unattractive features that we wished to address first. Unlike the analogous racemic \[2 + 2\] cycloaddition, we found that only intramolecular reactions were high-yielding. More problematically, optimal reaction conditions required stoichiometric La(OTf)~3~ as the Lewis acid cocatalyst as well as 5 equiv of TMEDA as both a ligand for La^3+^ and a reductive quencher of the excited-state photocatalyst.

The strategy that emerged from our optimization studies is depicted in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}.^[@ref42]^ We continued to utilize Ru(bpy)~3~^2+^ as the photocatalyst for this reaction, but the chiral Lewis acid cocatalyst that provided the highest yields and enantioselectivities was chiral Gd(III)(pybox) complex **35**. Thus, the two-catalyst approach readily accommodated both a different Lewis acidic metal center as well as a different class of chiral ligands from the dipeptide Schiff base ligand that proved to be optimal for the \[2 + 2\] photocycloaddition reaction. In particular, the 4-dimethylamino substituent on the central pyridine ring of **35**([@ref43]) proved to be crucial. The unsubstituted parent complex slowly formed an unreactive Lewis acid--base complex with the reductive quencher used in this reaction (*i*-Pr~2~NEt). The electron-releasing dimethylamino substituent was incorporated based on our hypothesis that a more strongly donating ligand might attenuate the occurrence of this catalyst-deactivating process. The fact that such a large electronic perturbation in the structure of the Lewis acid catalyst is readily tolerated without deleterious effect on the photophysical properties of the photocatalyst further highlights the flexibility of the two-catalyst approach.

![Dual catalyst strategy for enantioselective \[3 + 2\] photocycloadditions.](ar-2016-00280n_0006){#fig5}

From a synthetic perspective, this enantioselective \[3 + 2\] cycloaddition reaction provides an interesting complementary capability compared with previous asymmetric reactions of cyclopropyl ketones. Although several different strategies for highly enantioselective cycloadditions of cyclopropanes have been reported, all of these have involved highly activated donor--acceptor cyclopropanes^[@ref44]−[@ref46]^ or vinylcyclopropanes.^[@ref47],[@ref48]^ The method developed in our laboratory, however, works well for a variety of electronically dissimilar cyclopropyl ketones, affording cycloadducts arising from cyclopropanes bearing either alkyl or ester β-substituents (**37**--**41**).

Finally, [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} depicts a third enantioselective photocatalytic method developed in our laboratory that exploits a two-catalyst strategy in the context of a conjugate addition reaction of an α-silylamine pronucleophile (**43**) to a β-substituted Michael acceptor (**44**).^[@ref49]^ The key intermediate in this reaction is an α-amino radical, a nucleophilic radical that is readily available via photosensitized oxidation of amines, α-amino acids, and α-silylamines.^[@ref50]−[@ref52]^ Prior to our investigations, however, control over the stereochemistry of α-amino radical reactions had remained challenging; the only prior example of an enantioselective photocatalytic reaction involving α-amino radical intermediates was an intramolecular conjugate addition reported by Bach using a chiral hydrogen-bonding photosensitizer.^[@ref13]^

![Dual catalyst strategy for photochemical desilylative conjugate addition.](ar-2016-00280n_0007){#fig6}

Our solution to this challenge bears a superficial similarity to the previous examples of tandem photoredox/chiral Lewis acid catalysis; Ru(bpy)~3~^2+^ serves as a photoredox catalyst that oxidatively triggers desilylation of **43** to afford a nucleophilie α-amino radical, and the subsequent stereoselectivity of the conjugate addition process is controlled by a chiral Sc(pybox) Lewis acid cocatalyst (**42**). However, closer inspection reveals an important mechanistic difference: a variety of photocatalytic methods for the production of α-amino radicals using Ru(bpy)~3~^2+^ and similar transition metal photoredox catalysts are known,^[@ref54]^ and no cocatalyst is typically required to facilitate the electron transfer step. Indeed, when the Lewis acid is omitted from our optimized reaction conditions, we observe a slower but still significant rate of formation of conjugate adduct **45**, albeit in racemic form. The role of the Lewis acid cocatalyst, then, is to accelerate the rate-limiting carbon--carbon bond-forming conjugate addition step^[@ref55]^ and to impart high enantiofacial control in this process.

These results show that a Lewis acid cocatalyst can influence enantioselectivity of a photocatalytic transformation even when it does not act directly upon steps involving the photocatalyst. They can instead impact the rate of secondary, downstream events. Lewis acids can influence organic reactions in a multitude of ways, and given the increasing number of reactive intermediates that are being shown to be easily accessible using photoredox catalysis, our studies suggest that the combination of chiral Lewis acid and photoredox catalysts might offer a robust, flexible strategy to control the reactions of many of them.

Our optimization studies drew upon extensive literature describing successful Lewis acid catalysts for other enantioselective transformations. For instance, our initial screen of common Michael acceptors afforded generally low to modest ee's in Lewis acid catalyzed reactions of photogenerated α-amino radicals. For our optimal solution, we utilized Sibi's chiral relay auxiliary, which we selected because it has been shown to afford excellent stereoinduction in other radical conjugate additions using bis(oxazoline)-based chiral Lewis acids.^[@ref56]^ Thus, the ability to use chiral Lewis acids in photochemical applications offers a final advantage in enantioselective photochemistry. Synthetic chemists' understanding of the factors that are common in chiral Lewis acid catalyzed reactions is quite deep. The ability to apply these insights broadly to photoredox reactions offers a significant conceptual advantage that we have found powerfully enabling in our continuing studies of enantioselective photochemical reactions.

Conclusion {#sec6}
==========

Our laboratory's studies in enantioselective photochemistry have occurred contemporaneously with analogous efforts in this area from several other groups. Many examples of highly enantioselective photoreactions have recently been reported, providing conclusive evidence that catalytic photochemical stereocontrol is feasible. Interestingly, most of these examples have also involved transition metal photoredox catalysts operating in tandem with chiral, non-photoactive cocatalysts such as Brønsted acids^[@ref57],[@ref58]^ and organocatalysts.^[@ref59],[@ref60]^ One could argue that this is not coincidental and that the features of dual photocatalytic systems outlined above are indeed advantageous in the design of asymmetric photoreactions.

There have also been several reports involving successful single-catalyst solutions, notably from Bach,^[@ref61]^ Meggers,^[@ref16]^ and Sivaguru.^[@ref15]^ Thus, the recent renewal of interest in stereocontrolled photochemical synthesis has also involved approaches that differ strategically from the dual-catalyst systems favored in our laboratory. There is a fascinating comparison among all of these methods to be made, and it remains to be seen whether any of them will prove to be as general as we all might hope. Regardless, the pace of progress in the field of asymmetric photochemistry is clearly accelerating, and it seems reasonable to hope that this long-standing, conspicuous gap in synthetic capability is finally being filled.
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